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RHEOLOGICAL PROPERTIES OF MATERyu;S 

OBJECTIVE 

The f u r t h e r  development and t e s t i n g  of t h e  k i n e t i c  i n t e r p r e t a t i o n  of 
non-Newtonian flow i s  t h e  primary grid of t h i s  work. 
a spec t s  involve t h e  extension of  the theory t o  include i n t e r p r e t a t i o n  of 
normal stress d a t a  and t o  allow predict ion of v i s c o e l a s t i c  c h a r a c t e r i s t i c s  
from t h e  k i n e t i c  equation and equations of t h e  system. 
mental  tes t ing i s  now i n  progress i n  order t o  ob ta in  wh.at we f e e l  w i l l  be 
d a t a  needed f o r  the confirmation of t h e  time-dependent ( th ixo t rop ic )  
a spec t  of t h e  theory and t h e  proof of t h e  theory’s  internal-  consistency. 
Modifications are i n  progress t o  allow data t o  be obtained t o  s tudy t h e  
norma,l stress and v i s c o e l a s t i c  aspects  of t h e  problem. 

The development 

Further experi-  

BACKGROUND 

The basic approach and preliminary confirmation of t h e  method has 
been described i n  papers by Denny and Brodkey’ and Denny, K i m ,  and 
Brodkey,* and i n  previous progress r epor t s .  The theory i s  based upon t h e  
assumption t h a t  t h e  nonlinear c h a r a c t e r i s t i c s  can be associated with some 
s t r u c t u r a l  change of t h e  material, and t h a t  r eac t ion  k i n e t i c s  can be 
appl ied t o  t h i s  breakdown. The theory allows treatment of time-dependent 
( th ixo t rop ic )  materials and t h e i r  solut ions.  
views, i n  the form of Ph.D. theses ,  a r e  a l s o  now a ~ a i l a b l e . ~ ’ ~  

Two r a t h e r  complete re- 

PROGRESS AND RESULTS 

Our main e f f o r t  during the  l a s t  year has been concentrated on ob- 
t a i n i n g  t h e  necessary data t o  t e s t  t h e  theory.  This e f f o r t  involved 
obtaining a comprehensive s e t  of r a t e  and equilibrium d a t a  on pure poly- 
methylxethacrylate and so lu t ions  oi’ tile pure mater ia l .  A l l  of’ t h i s  work is  
now completed and has been reported i n  t h e  theses  by Denny3 and by Kim.4 
P a r t s  of t hese  theses  a r e  being prepared f o r  publ icat ion i n  t h e  t echn ica l  
l i t e r a t u r e  and p resen ta t ion  a t  s c i e n t i f i c  meetings. The rate (time- 
dependent) da t a  proved t o  be most d i f f i c u l t  t o  obtain i n  t h e  proper form; 
nevertheless  , enough has been obtained t o  j u s t i f y  t h e  theory3 although 
more and be t te r  d a t a  a r e  needed f o r  t h e  complete confirmation and proof 
of t h e  theo ry ’ s  i n t e r n a l  consistency. It i s  t h i s  aspect  of t he  problem 
tha t  most of our  cu r ren t  a t t e n t i o n  i s  d i r ec t ed .  
why the data w a s  d i f f i c u l t  t o  obtain,  how we can obtain exac t ly  t h a t  which 
w e  need, and of course i t s  interpretation.’  The equilibrium d a t a  w a s  much 
e a s i e r  t o  ob ta in ,  although a c a p i l l a r y  shear system f o r  high shear rate 
data had t o  be c o n s t r ~ c t e d . ~  
t h e s e  two works and more recent  e f f o r t s  w i l l  be t r ea t ed .  The cu r ren t  
problems w i l l  b e  considered i n  t h e  next s ec t ion  on PLANS. 

We are t r y i n g  t o  establish 

I n  the following paragraphs d e t a i l s  of 
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The time-dependent constant shear da ta  obtained so  far hes allowed 
I n  re -  independent evaluat ion of t h e  severa l  parameters of t he  theory. 

view, t h e  t o t a l  b a s i c  k i n e t i c  equation i s  

n - dF/dt = k l  T p1 Fm - k2 T '"(1-F) (1 1 

where F, t h e  f r a c t i o n  unconverted, i s  given by 

i n  which "a" has t he  assumed empirical  value of 3.4. 
d e t a i l  i n  reference 2,  t h i s  equation can be evaluated by var ious standard 
homogeneous k i n e t i c  approaches using r a t e  data. A t  equilibrium the  equa- 
t i o n  reduces t o  

A s  described i n  some 

(1 - F)" / P = K T ~  (3) 

where K = k l / b  and p = pl - p2. 
of t h e  constants  from steady s ta te  data. Table I reviews the  three  b e s t  
es t imates  of which m = 1 and n = 2 w a s  the  bes t .  
of K and p a re  given. 

A program i s  ava i lab le  f o r  t he  evaluation 

Tne corresponding values 

TABLE I 

CL, = 5.82 x 106 poise (350°C) 

m n  K P 

1 2 5.5 x 10- 2.37 

1 3 4.92 x 3.44 

For sho r t  periods of time, the b a s i c  equation can be in tegra ted  f o r  
constant  shear r a t e  t o  give 

2 



which suggests that a p l o t  of log t versus l o g  s ( s  i s  shear rate) a t  
constant  F can provide an estimate of p l .  kl i s  obtained from t h e  i n i t i a l  
slope of a p l o t  of 

Here t h e  value of m must be known t o  evaluate  k l  bu t  w a s  not  needed t o  
ob ta in  p1. 
taken as un i ty  without f u r t h e r  confirmation. 

Because of t h e  r e s u l t s  obtained i n  Table I, t h e  vaule of m w a s  

To t h i s  po in t  equation (1) is 

(5) - dF/dt = 1.10 x 1 0 - 2 0 ~  2*96F - ~ % ( l  - F)n 

The constants  s t i l l  t o  be determined are those associated with t h e  
reverse  r a t e .  
rate could be obtained by measuring t h e  slope of  t h e  t i m e  curve during t h e  
r ec ross ing  of t h e  gap. 
t o  

Thus 1 - F must be f a i r l y  l a r g e ,  where fo r tuna te ly ,  t h e  

From reference 2 ,  equation (1) can be rearranged 

which suggests t h a t  a p l o t  of t h e  lef t -hand s ide  versus 1 - F can be used 
t o  determine t h a t  n = 2. With t h i s  knmn,  a l3g-log p l o t  of 

w i l l  give p2 as t h e  s lope and k2 as the  in t e rcep t .  F3r each an average 
-./as used, which deviated about 2% 31 s3. Table I1 gives the  f i n a l  com- 
>arisen gf' t h e  r c s i i t s  gf t he  e q u i l i b r i m  and t n e  time-dependent evalua- 
t i o r .  

~~ 

n = 2  m = l  

K = 5.5 x 
p = 2.37 

kl = 1.10 x lo-*' = 3.10 x - 

P l  = 2.96 p2 = 0.56 

(0.65%) 
K = k l / k  = 3.5 x (28%) 
p = p1 - p2 = 2.40 
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Although the  results a re  qui te  s a t i s f a c t o r y ,  it i s  apparent t h a t  
they  cannot be considered a r e a l  proof of t he  theory. 
p o s s i b i l i t y  of e r r o r  i n  the  evaluation. 
t o  modify t h e  instrument' as suggested i n  t h e  last  progress report .  
present  measuring system w a s  pushed t o  i t s  extreme, which allows tests 
t o  be made, b u t  not of t h e  accuracy desired.  
have been complete and although the response time (now about 5 second 
ins tead  of the  desired 0.05 second) i s  good enough t o  ahvw a reasonable 
evaluat ion of t he  theory t o  be made, we have uncovered an addi t iona l  
complication associated with t h e  v i s c o e l a s t i c  nature  of the  polymethyl- 
methacrylate.  
a r r i v e d  a t  the m a t e r i a l  response which a c t s  t he  same as the  instrument 
response and masks the  i n i t i a l  pa r t  of t he  r a t e  curve preventing us from 
obtaining t h e  des i red  data on t h i s  material. 

There i s  too  much 
Consequently, we have proceeded 

The 

A number of these  runs 

Bow t h a t  t he  instrument response has been reduced, we have 

As w i l l  be noted i n  the  plans,  w e  a r e  now looking and hopefully have 

This mater ia l  i s  a 
With t h i s  mater ia l  and p a r t i c -  

found a mater ia l  t h a t  i s  qui te  time-dependent i n  i t s  non-Newtorim proper- 
t i e s  b u t  shows l i t t l e  i f  any v i s c o e l a s t i c  proper t ies .  
nonpolymeric d i l u t e  c o l l o i d a l  dispersion. 
u l a r l y  a t  higher shear r a t e s ,  we should be able  t o  g e t  t he  desired rate 
curves. These experiments a re  now i n  progress.' 

The r a t e  equation (1) can be modified f o r  so lu t ions  t o  give 

-dCF/dt = kl T ' ~ ( C F ) ~  - b P2[C(1-F)In 

A t  equilibrium or steady s t a t e  t h i s  rduces t o  an equation, analogous t o  
(3): 

Again a program i s  ava i lab le  f o r  the evaluation of p and K f o r  se lec ted  
values  of m and n. Although more data over a wider range of conditions 
a re  required f o r  t h i s  type of ana lys i s ,  it does have the  advantage of 
being a t  steady s t a t e  and not being a f fec ted  by the  response problem pre- 
v ious ly  c i t ed .  

Ten so lu t ions  of the  polymer i n  d ie thylphtha la te  with concentrations 

To supplement t h e  m a i n  ana lys i s ,  t he  ava i lab le  pure melt da ta  
up t o  55 per  cent were invest igated a t  40°C. 
55 "C a lso .  
of Denny3 and of Rohm and Haas at f i v e  d i f f e ren t  temperatures were used. 
The forward and reverse orders (m and n )  could be used as 1 and 2, r e -  
spec t ive ly ,  f o r  both t h e  so lu t ion  and melt data.  Furthermore, t h e  solu- 
t i o n  data could be s a t i s f a c t o r i l y  t r ea t ed  as having an average p value 
of 2.0 and an average K of 7.1 x The usefulness of t he  theory 
w a s  demonstrated by a back-calculation of the  flow curves using t h e s e  
average values.  
e r r o r  f o r  those so lu t ions  where it w a s  f e l t  t h a t  the  data were sa t i s f ac -  
tory,  and genera l ly  b e t t e r  represented t h a n  could be done by other  

Several  were s tudied a t  

The flow data were reproduced t o  within the  experimental 
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* methods, s ince  a l t e r n a t i v e  cor re la t ion  methods do not  take i n f o  considera- 
t i o n  the  v a r i a t i o n  of concentration and thus a re  severely l imi ted .  

. 

PLANS 

We a r e  c u r r e n t l y  inves t iga t ing  a l t e r n a t i v e  mater ia l s  so  as t o  elimi- 
na te  the  material time response problem elucidated i n  t h e  previous sect ion.  
When t h i s  inves t iga t ion  i s  complete a new s e t  of time response d a t a  w i l l  
be obtained. 
mentioned i n  the  previous progress repor t ,  a r e  under way. 
fo rce  system i s  under test. This system i s  i d e a l  f o r  fast response meas- 
urements without motion of t h e  lower p l a t e ,  however, one d i f f i c u l t y  which 
we are now t r y i n g  t o  resolve,  i s  the system’s s e n s i t i v i t y  t o  t h e  shock 
of the magnetic c lu tch  turning on at; t he  beginning of a run. 
s i t u a t i o n  might be remedied by a modified mounting method. 

I n  conjunction with t h i s  severa l  modifications,  b r i e f l y  
A new normal 

This 

The spec ia l  transducer system i s  new t o  t h i s  type of appl ica t ion ,  and 
consequently, t h e  manufacture has been most cgoperative i n  loaning the  
instrument t o  us. A second modification i s  a new variable-speed coupling 
t h a t  can be introduced between our motor and gearbox t o  allow lower r a t e s  
of shear t o  be obtained. We have had some t rouble  g e t t i n g  t o  a low enough 
r a t e  of shear s o  as t o  observe the lower Newtonian region. 
coupling can be used t o  provide an  o s c i l l a t o r y  motion t o  t h e  p l a t e ,  al- 
though t h i s  i s  not planned f o r  the  immediate fu ture .  F ina l ly ,  considera- 
t i o n  has been given t o  modifications t h a t  would be necessary t o  operate 
the  system as a constant torque device. The necessary p a r t s  have been 
loca ted ,  but  no e f f o r t  t o  obtain them w i l l  be made f o r  now, s ince  we a re  
not as ye t  p o s i t i v e  t h a t  constant torque operation i s  necessary. 

This same 

When those f a c t o r s  above have been completed, t he  f i n a l  confirmation 
of t h e  k i n e t i c  approach can be made.” 
s t a n t s  w i l l  be obtained on solut ions of polyisobutylene, w i t h  t he  a i m  
t o  phenomenologically represent  normal s t r e s s  difference da ta  t o  be ob- 
ta ined  by us6 and by mark ow it^.^ 
of v i s c o e l a s t i c  c h a r a c t e r i s t i c s  normally obtained on such mater ia ls .  

Upon completion, t he  k i n e t i c  con- 

P a r a l l e l  t o  t h i s  w i l l  be the  evaluation 
8 

Aside from these  e f f o r t s ,  a study i s  s t i l l  i n  progress’ on an in-  
dependent measurement of t he  f r ac t iona l  change tha t  occurs a t  various 
shear  l eve l s .  
of our i n t e r p r e t a t i o n  of nm-Newtonian behavior. 

Such measurements would add s t rong support t o  t h e  v a l i d i t y  
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